The experimental data is publicly available and has been uploaded to the GEO repository under the series record GPL26793.

Introduction {#sec001}
============

African swine fever (ASF) is an important viral disease of swine caused by African swine fever virus (ASFV), a large and structurally complex DNA virus. In domestic pigs, the clinical manifestations vary depending on the virus strains, from highly acute and lethal to subclinical. ASFV replicates mainly in macrophages and monocytes \[[@pone.0223955.ref001], [@pone.0223955.ref002]\] and induces apoptosis in the infected cells and non-infected lymphocytes in pigs \[[@pone.0223955.ref003]\]. TGF-β but no TNF or IL-1 was detected after *ex vivo* infection of swine macrophages and the responses to IFN-γ and LPS were suppressed in infected macrophages \[[@pone.0223955.ref004]\], indicating ASFV could suppress the immune response. In an *in vitro* study, TNF mRNA expression increases in ASFV-infected alveolar macrophages shortly after infection and high levels of TNF protein were detected in culture supernatants from the infected cells \[[@pone.0223955.ref005]\]; these culture supernatants induced apoptosis in uninfected lymphocytes, suggesting an important role of TNF in ASF pathogenesis. In an *in vivo* study, TNF and IL-1β levels increased in ASFV-infected pigs \[[@pone.0223955.ref006]\]. Increased prevalence of macrophages expressing TNF-α, IL-1 and IL-6 in close proximity to lymphocytes undergoing apoptosis in ASFV-infected animals has also been observed \[[@pone.0223955.ref007]\]. In addition, lymphopenia and neutrophilia are commonly present during ASFV infections \[[@pone.0223955.ref008], [@pone.0223955.ref009]\]. In summary, it has been frequently considered that virus pathogenesis may be mainly due to cytokines produced by infected monocytes and macrophages\[[@pone.0223955.ref010]--[@pone.0223955.ref013]\].

ASFV is a large, enveloped, double-stranded DNA virus with a linear genome size of 170 to 190 kbp depending on the strain, encoding between 150 and 167 open reading frames \[[@pone.0223955.ref014]\]. It expresses several proteins (e.g. A276R, A528R, A238, I329L, EP153R, DP71L, A224L and A179L) that have been experimentally shown *in vitro* to suppress the immune response by reducing interferon induction, interferon response and NF-κB activation \[[@pone.0223955.ref015]\], inhibit apoptosis of infected macrophages \[[@pone.0223955.ref016]\], and interfere with host gene transcription \[[@pone.0223955.ref017]\]. Additional research focusing on host transcription changes after infection could provide insightful information on the mechanisms of ASFV pathogenesis and immune evasion.

DNA microarrays and RNA-Seq have been used to study ASFV-infected cells. Microarrays prepared from cDNA have been used to study differences in host gene transcription between wild-type and laboratory-generated mutant ASFV *in vitro* \[[@pone.0223955.ref018], [@pone.0223955.ref019]\]. The disadvantages of these cDNA arrays are lack of full-genome coverage and gene cross-hybridization due to long probe sequences. Recently, RNA-Seq technology has been applied to the transcriptome study of pigs infected with either a highly virulent (Georgia 2007 strain) or low (OURT33) virulent ASFV \[[@pone.0223955.ref020]\]. The advantage of sequencing-based gene expression profiling is a probe-free approach that can provide information not included in DNA microarray; however, this approach is not cost-effective and genes with a low expression level may not show up in the data if the sequencing coverage is not deep enough. In the present study, we designed a custom whole genome expression oligo DNA microarray based on all expressed sequences aligned to the pig genome to increase gene coverage and to reduce probe redundancy, using commercial software to design probes with no or less cross-hybridization. Using these arrays, we identified genes whose expression was significantly induced or suppressed after *in vitro* infection with a highly virulent ASFV. The identified genes were further used to infer the roles of potential molecular mechanisms in ASFV pathogenesis and immune invasion.

Methods and materials {#sec002}
=====================

Cell culture of macrophages and ASFV infection {#sec003}
----------------------------------------------

Primary swine macrophage cell cultures were derived from pig peripheral blood and were prepared as previously described \[[@pone.0223955.ref021]\] using an existing collection of swine blood approved IACUC protocol 205.02-17-R: Reagent Production for the Molecular Pathogenesis of Classical Swine Fever Virus (CSFV) and African Swine Fever Virus (ASFV). Macrophages were seeded in 6-well plates (Primaria Falcon, Becton Dickinson, Franklin Lakes, NY). ASFV Georgia 2007 strain \[[@pone.0223955.ref022]\] was used in the macrophage infection at MOI = 1. ASFV infection experiments were conducted with three biological replicates using three different animals as the source of macrophages. Mock infection was also performed in the cultured macrophages from the three commercial domestic pigs as non-infected controls.

RNA isolation {#sec004}
-------------

Total RNA was extracted from primary swine macrophage cell cultures infected with the indicated virus, or mock infected at 3, 6, 9, 12, 15, and 18 hours post-infection (hpi), representing an approximate one life cycle of ASFV replication. Cells were harvested and lysed with a cell lysis buffer (Qiagen, Valencia, CA) and RNA was isolated using a RNeasy mini kit (Qiagen) according to the manufacturer's instructions. The RNA quality was then determined using an Agilent 2100 bioanalyzer (Santa Clara, CA) using an RNA nanochip according to the procedures outlined by Agilent Technologies (Santa Clara, CA). RNA was quantified using a Nanodrop 1000 (Thermo Scientific, Waltham, MA).

DNA microarray analysis {#sec005}
-----------------------

A 44,000 (44K) porcine whole genome expression microarray was designed based on pig expressed sequences (cDNA and EST) and porcine genome sequence homologous to non-porcine sequences. All porcine EST and RNA sequences were downloaded from the NCBI database and assembled into unique sequences using the CAP3 software program (Huang and Madan, 1999). The assembled sequences were aligned to pig genome sequences using the UCSC genome browser to select 3' end RNA sequences or the genome sequences aligned with other expressed sequences of other species if no porcine expressed sequences were available. These selected sequences were used to design 60-mer oligonucleotide microarray probes with a low probability of cross-reacting with other genes and a bias to the 3'-end of RNA sequences using Array Designer 4.0 (Applied Biosystems, Foster City, CA). Approximately 43K porcine probes were selected to synthesize a 44K Agilent microarray for this study. The annotation of the porcine sequences was based on the results of a BLAST search against human reference proteins and RNA sequences downloaded from NCBI databases and manual curation based on all expressed sequences aligned in the porcine genome sequences using the UCSC genome browser. One hundred and eighty-six duplicated probes designed from all ASFV open reading frames were also included in this custom microarray.

The custom designed porcine microarrays were manufactured by Agilent Technologies and used for this study. Both ASFV-infected and mock-infected RNA samples were labeled with Cy3 and Cy5 individually using an Agilent low-input RNA labeling kit (Agilent Technologies). A Cy5-labeled ASFV-infected or mock-infected sample was co-hybridized with a Cy3-labeled mock-infected or ASFV-infected in one array, respectively, for each time point using a dye-swap design. The entire procedure of microarray analysis was conducted according to protocols, reagents and equipment provided or recommended by Agilent Technologies. Array slides were scanned using a GenePix 4000B scanner (Molecular Devices) with the GenePix Pro 6.0 software at 5 μM resolution.

Statistical and bioinformatic analyses of microarray data {#sec006}
---------------------------------------------------------

Background signal correction and data normalization of the microarray signals and statistical analysis were performed using the LIMMA package. Log2 fold changes in signal intensity were used in the statistical analysis to identify deferentially expressed genes. The separate-channel analysis described by Smyth and Altman (2013) was applied to calculate the p-values. To account for multiple testing, the p-values were adjusted using the Benjamini and Hochberg method and expressed as a false-discovery rate (FDR). The probe sequences were aligned to the porcine genome sequence displayed in the UCSC genome browser to validate the annotation by computational methods, such as BLAST. Gene expression differences with an FDR value of 0.05 or smaller and an expression difference ≥50% were considered statistically significant and were considered differentially expressed genes (DEG). Genes down- or up-regulated in the infected macrophages compared to the non-infected macrophages were expressed as negative and positive values (fold), respectively.

Biological inference {#sec007}
--------------------

The identified DEG were mapped to human reference genes. Two lists of up-regulated and down-regulated gene associated with human Entrez gene ID were analyzed with a NCBI online bioinformatics program (DAVID Bioinformatics Resources 6.8) to identify the biological pathways (GOTERM_BP_DIRECT, KEGG_PATHWAY and REACTOME_PATHWAY) significantly over-represented by DEG (FDR ≥ 0.05). The biological functions of DEG in the identified over-represented pathways associated with the immune response were based on scientific publications obtained from PubMed. Biological inferences were based on (i) the immunological functions of the DEG, (ii) gene expression levels based on microarray averaged signal intensity and (iii) magnitudes (fold) of the differential expression, assuming higher mean signal intensity and larger differentially expressed genes play a bigger biological role in the gene groups. Genes with no significantly differential expression but are known to play important roles in the biological pathways associated with the significant DEG were also used as supporting evidence. Genes down- or up-regulated in the ASFV-infected samples compared to the mock-infected samples were expressed as negative and positive values (fold), respectively. In this study, the DEG were used to infer the molecular mechanisms of ASFV pathogenesis and immune evasion.

Results {#sec008}
=======

Host gene expression changes {#sec009}
----------------------------

Considering 43,264 pig gene probes, there was no significantly differential expression among the six time points evaluated in non-infected macrophages. [Table 1](#pone.0223955.t001){ref-type="table"} shows the number of probes with significantly differential expression between infected and non-infected macrophages at one or more sampling time points. Only one probe (RNA45S5) displayed significantly up-regulated expression and one (C9orf152) down-regulated expression in infected macrophages at 3 hours PI. The expression differences of most significant genes were less than 50% ([Table 1](#pone.0223955.t001){ref-type="table"}). There was a total of 3,750 genes with significantly differential expression of ≥50% and significant BLAST hits with human reference genes. [Fig 1](#pone.0223955.g001){ref-type="fig"} shows that the number of significantly up-regulated DEG was greater than those of down-regulated DEG at 6 and 9 hpi but smaller at 12, 15 and 18 hours. The number of differentially expressed genes decreased at 9 hpi compared to that at 6 hpi. Unlike up-regulated genes, the number of down-regulated genes displayed a significant increase at 12 hpi and the increase continued at 15 and 18 hpi.

10.1371/journal.pone.0223955.t001

###### The numbers and percentages of microarray probes with significant (false discovery rate \< 0.05) differential expression and significant differences by at least 50% between infected and non-infected macrophages, respectively, during the first 18 hours of ASFV infection.

![](pone.0223955.t001){#pone.0223955.t001g}

  Gene                           3hr   6hr    9hr   12hr   15hr   18hr
  ------------------------------ ----- ------ ----- ------ ------ ------
  Significantly up-regulated     1     2267   628   1732   1423   3315
  Significantly down-regulated   1     1193   528   3075   2323   5253
  Up-regulated by ≥ 50%          1     28%    59%   36%    51%    48%
  Down-regulated by ≥ 50%        1     15%    11%   27%    49%    51%

![The number of significant (false discovery rate ≤0.05) differentially expressed gene (DEG) probes with a difference of 50% or great during the first 18 hours of infection.](pone.0223955.g001){#pone.0223955.g001}

Pathway analysis {#sec010}
----------------

Of 3,750 DEG homologous to human genes, 1,481 genes were up-regulated and 2,340 were down-regulated. [Table 2](#pone.0223955.t002){ref-type="table"} shows the biological pathways significantly over-represented by up-regulated DEG at 6 hpi and/or later. Most of the pathways are involved in the immune response to viral infection, inflammation and stress. A large number of up-regulated genes at 6 to 18 hpi are interferon-stimulated genes ([S1 Table](#pone.0223955.s001){ref-type="supplementary-material"}), which agrees with up-regulated expression of all three types of interferons as shown in [Table 3](#pone.0223955.t003){ref-type="table"}. The pathway results agree with the generally accepted concept of cytokine-mediated ASFV pathogenesis (Blome et al., 2013). Interestingly, twenty-four genes up-regulated at least at one time point were over-represented in tumor necrosis factor-mediated signaling pathways, indicating that TNF signaling might play a significant role in not only the immune response and but also pathogenesis. On the other hand, the biological pathways significantly over-represented by down-regulated genes are only at 15 and/or 18 hpi and some are related to the immune response, such as production of reactive nitrogen and oxygen species, autophagy, phagocytosis, and antigen processing and presentation, especially those via MHC Class II molecules ([Table 4](#pone.0223955.t004){ref-type="table"}). The results of down-regulated expression would indicate a suppression of cellular machinery to favor virus replication and to evade the immune response. Therefore, a more detailed description of the differentially expressed genes is presented and discussed below.

10.1371/journal.pone.0223955.t002

###### Immune-related biological pathways with over-represented genes of 1481 significantly up-regulated genes using a web tool (DAVID Bioinformatics Resources 6.8) during the first 18 hours of infection.
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  Pathway \#     Biological pathways                                                Hours PI                                       Count[^1^](#t002fn001){ref-type="table-fn"}1   FDR[^2^](#t002fn002){ref-type="table-fn"}2
  -------------- ------------------------------------------------------------------ ---------------------------------------------- ---------------------------------------------- --------------------------------------------
  GO:0006915     apoptotic process                                                  6                                              30                                             0.03
  GO:0045824     negative regulation of innate immune response                      6                                              6                                              0.00
  GO:0045071     negative regulation of viral genome replication                    6, 9, 12, 15                                   16                                             0.00
  GO:0060333     interferon-gamma-mediated signaling pathway                        6, 9, 12, 15                                   18                                             0.00
  GO:0006955     immune response                                                    6, 9, 12, 15, 18                               27                                             0.00
  GO:0009615     response to virus                                                  6, 9, 12, 15, 18                               22                                             0.00
  GO:0032480     negative regulation of type I interferon production                6, 9, 12, 15, 18                               11                                             0.00
  GO:0045087     innate immune response                                             6, 9, 12, 15, 18                               32                                             0.00
  GO:0051607     defense response to virus                                          6, 9, 12, 15, 18                               38                                             0.00
  GO:0060337     type I interferon signaling pathway                                6, 9, 12, 15, 18                               25                                             0.00
  R-HSA-877300   Interferon gamma signaling                                         6, 9, 12, 15, 18                               21                                             0.00
  R-HSA-909733   Interferon alpha/beta signaling                                    6, 9, 12, 15, 18                               25                                             0.00
  R-HSA-936440   Negative regulators of DDX58/IFIH1 signaling                       6, 9, 12, 15, 18                               10                                             0.00
  GO:0006954     inflammatory response                                              6, 12, 18                                      27                                             0.00
  GO:0032689     negative regulation of interferon-gamma production                 9                                              6                                              0.04
  GO:0032728     positive regulation of interferon-beta production                  12                                             7                                              0.04
  hsa04620       Toll-like receptor signaling pathway                               12                                             13                                             0.02
  hsa04622       RIG-I-like receptor signaling pathway                              12                                             13                                             0.00
  hsa04623       Cytosolic DNA-sensing pathway                                      12                                             12                                             0.00
  R-HSA-918233   TRAF3-dependent IRF activation pathway                             12                                             6                                              0.02
  R-HSA-933541   TRAF6 mediated IRF7 activation                                     12                                             8                                              0.02
  GO:0007165     signal transduction                                                12, 15, 18                                     52                                             0.00
  hsa04064       NF-kappa B signaling pathway                                       12, 15, 18                                     12                                             0.02
  GO:0002250     adaptive immune response                                           12, 18                                         16                                             0.00
  hsa04060       Cytokine-cytokine receptor interaction                             12, 18                                         23                                             0.00
  R-HSA-380108   Chemokine receptors bind chemokines                                12, 18                                         10                                             0.02
  GO:0031295     T cell co-stimulation                                              15                                             12                                             0.02
  GO:0050690     regulation of defense response to virus by virus                   15                                             8                                              0.02
  GO:0050852     T cell receptor signaling pathway                                  15                                             18                                             0.00
  GO:0007166     cell surface receptor signaling pathway                            15, 18                                         24                                             0.01
  hsa04660       T cell receptor signaling pathway                                  15, 18                                         16                                             0.00
  GO:0000184     nonsense-mediated nuclear-transcribed mRNA decay                   18                                             23                                             0.00
  GO:0006614     SRP-dependent co-translational protein targeting to membrane       18                                             20                                             0.01
  GO:0006968     cellular defense response                                          18                                             15                                             0.03
  GO:0007169     transmembrane receptor protein tyrosine kinase signaling pathway   18                                             23                                             0.00
  GO:0019083     viral transcription                                                18                                             21                                             0.02
  GO:0042110     T cell activation                                                  18                                             15                                             0.00
  GO:0070098     chemokine-mediated signaling pathway                               18                                             17                                             0.01
  GO:0072678     T cell migration                                                   18                                             6                                              0.03
  hsa04062       Chemokine signaling pathway                                        18                                             32                                             0.01
  R-HSA-192823   Viral mRNA Translation                                             18                                             21                                             0.00
  GO:0033209     tumor necrosis factor-mediated signaling pathway                   pooled[^3^](#t002fn003){ref-type="table-fn"}   24                                             0.05
  hsa04650       Natural killer cell mediated cytotoxicity                          pooled                                         28                                             0.01
  hsa05340       Primary immunodeficiency                                           pooled                                         13                                             0.02

^**1**^: The number of differentially expressed genes in biological process or pathways.

^**2**^: False discovery rate

^**3**^: Differentially expressed genes were pooled from all tested time points

10.1371/journal.pone.0223955.t003

###### Differential expression (fold = infected/non-infected) with a FDR less than 0.05 at one or more time points and the averaged expression level (Exp) of cytokine genes between infected and non-infected macrophages at 3, 6, 9, 12, 15 and 18 hours post infection.
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  Gene       3hr    6hr    9hr    12hr   15hr   18hr   FDR[\*](#t003fn001){ref-type="table-fn"}   Exp
  ---------- ------ ------ ------ ------ ------ ------ ------------------------------------------ ------
  IL1A       1.2    1.1    1.0    -1.1   1.2    1.0    0.55                                       186
  IL1B_2     1.9    1.8    1.0    -1.0   1.3    1.3    0.14                                       975
  IL1B_1     1.4    1.2    1.0    1.0    1.1    -1.0   0.21                                       156
  IL1RN      2.0    5.5    7.4    5.8    4.6    3.9    0.00                                       5986
  IL10       -1.1   1.2    -1.0   -2.5   -2.3   -3.1   0.00                                       263
  IL13       1.1    1.3    1.0    1.7    2.1    2.3    0.02                                       45
  IL16       -1.3   -1.4   -1.1   -1.5   -1.4   -1.1   0.02                                       975
  IL17F      1.1    1.0    1.2    1.7    2.9    3.5    0.04                                       218
  IL18BP     1.2    1.3    1.4    1.8    1.9    2.3    0.00                                       1023
  IL27       1.8    2.8    1.8    1.6    1.4    1.3    0.01                                       398
  CSF3       1.6    1.7    1.1    1.1    1.4    1.4    0.04                                       452
  FASLG      1.2    1.4    1.2    1.2    1.5    1.5    0.01                                       84
  LTA        -1.0   1.0    1.1    1.4    1.7    2.0    0.05                                       54
  LTB        1.0    -1.0   1.1    1.8    3.0    4.1    0.01                                       815
  TNF        1.1    1.1    1.1    1.3    1.6    1.6    0.13                                       213
  TNFSF4     1.0    1.1    1.2    1.5    1.9    2.6    0.01                                       117
  TNFSF10    2.4    12.8   8.7    4.5    2.4    1.7    0.00                                       320
  TNFSF11    -1.1   -1.7   -1.3   -1.7   -1.5   -2.0   0.03                                       767
  TNFSF13B   1.3    1.9    1.6    1.3    1.1    -1.2   0.02                                       1119
  TNFSF15    1.0    1.2    1.1    -1.0   -1.5   -1.9   0.00                                       397
  TNFSF18    1.5    2.2    2.1    1.7    1.3    1.1    0.01                                       126
  IFNA       1.5    1.3    1.2    1.4    1.3    1.3    0.03                                       56
  IFNB       3.1    1.0    1.5    3.0    3.5    3.6    0.02                                       79
  IFNL3      1.1    1.1    1.0    1.1    1.1    1.2    0.02                                       49
  IFNG       1.1    1.4    1.3    1.3    1.9    2.1    0.01                                       153

\* FDR: false discovery rate. Only the smallest FDR is listed for each gene.

10.1371/journal.pone.0223955.t004

###### Biological pathways with over-represented genes of 2340 significantly down-regulated genes using a web tool (DAVID Bioinformatics Resources 6.8) during the first 18 hours of infection.
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  Pathway \#      Pathway name                                                            Hours PI   Count   FDR
  --------------- ----------------------------------------------------------------------- ---------- ------- ------
  GO:0016567      protein ubiquitination                                                  15         39      0.04
  GO:0070125      mitochondrial translational elongation                                  15, 18     17      0.01
  R-HSA-5368286   Mitochondrial translation initiation                                    15, 18     16      0.01
  R-HSA-5389840   Mitochondrial translation elongation                                    15, 18     17      0.00
  R-HSA-5419276   Mitochondrial translation termination                                   15, 18     16      0.01
  GO:0002479      antigen processing and presentation of via MHC class I, TAP-dependent   18         21      0.03
  GO:0006122      mitochondrial electron transport, ubiquinol to cytochrome c             18         10      0.02
  GO:0006886      intracellular protein transport                                         18         57      0.00
  GO:0006888      ER to Golgi vesicle-mediated transport                                  18         39      0.02
  GO:0006914      autophagy                                                               18         41      0.00
  GO:0015031      protein transport                                                       18         89      0.00
  GO:0016236      macroautophagy                                                          18         25      0.01
  GO:0019886      antigen processing and presentation of via MHC class II                 18         27      0.02
  GO:0030433      ER-associated ubiquitin-dependent protein catabolic process             18         21      0.01
  GO:0033572      transferrin transport                                                   18         17      0.00
  GO:0043161      proteasome-mediated ubiquitin-dependent protein catabolic process       18         45      0.05
  GO:0045454      cell redox homeostasis                                                  18         24      0.02
  GO:0070126      mitochondrial translational termination                                 18         34      0.00
  GO:0090383      phagosome acidification                                                 18         13      0.03
  hsa00190        Oxidative phosphorylation                                               18         46      0.00
  hsa01100        Metabolic pathways                                                      18         220     0.00
  hsa04141        Protein processing in endoplasmic reticulum                             18         52      0.00
  hsa04142        Lysosome                                                                18         45      0.00
  hsa04145        Phagosome                                                               18         51      0.00
  hsa04932        Non-alcoholic fatty liver disease (NAFLD)                               18         48      0.00
  hsa05010        Alzheimer's disease                                                     18         51      0.00
  hsa05012        Parkinson's disease                                                     18         38      0.05
  R-HSA-1222556   ROS, RNS production in phagocytes                                       18         17      0.00
  R-HSA-1236974   ER-Phagosome pathway                                                    18         27      0.01
  R-HSA-2132295   MHC class II antigen presentation                                       18         36      0.00
  R-HSA-5628897   TP53 Regulates Metabolic Genes                                          18         28      0.00
  R-HSA-5678895   Defective CFTR causes cystic fibrosis                                   18         21      0.03
  R-HSA-611105    Respiratory electron transport                                          18         30      0.00
  R-HSA-917977    Transferrin endocytosis and recycling                                   18         14      0.02
  GO:0006886      intracellular protein transport                                         pooled     62      0.00
  GO:0042147      retrograde transport, endosome to Golgi                                 pooled     23      0.03
  R-HSA-1268020   Mitochondrial protein import                                            pooled     20      0.05
  R-HSA-983168    Antigen processing: Ubiquitination & Proteasome degradation             pooled     68      0.02

Cytokines {#sec011}
---------

There are twenty-four cytokines showing significantly differential expression between infected and non-infected microphages ([Table 3](#pone.0223955.t003){ref-type="table"}), twenty up-regulated and four down-regulated. IL1RN (IL-1 antagonist) and TNFSF10 (also named TNF-related apoptosis-inducing ligand or TRAIL) were the most up-regulated genes in infected macrophages by up to 7.4- and 12.8-fold, respectively, whereas IL10 was most down-regulated by up to 3.1-fold. Among twenty up-regulated, seven (FASLG, LTA, LTB, TNFSF4, TNFSF10, TNFSF13B and TNFSF18) are TNF superfamily (TNFSF) cytokines. Additionally, IL17F, an important pro-inflammatory cytokine, was expressed significantly higher at 9 hpi in infected cells and expression level increased throughout the infection. Proinflamatory cytokines IL1B and TNF which are involved in the apoptotic process werewere up-regulated by more than 60% but not at significant levels (FDR = 0.14 and 0.13, respectively). There were four genes (IL10, IL16, TNFSF11 and THFSF15) that were expressed at significantly lower levels by at least 50% compared to non-infected cells. All three types of interferons were expressed at significantly higher levels at some time points, but only IFNB and IFNG were up-regulated by more than 2-fold. CSF3 (granulocyte colony-stimulating factor) expression was significantly up-regulated at 6 hpi and up-regulated at other time points though not at significant levels. Besides IL1RN, two other immune suppressive cytokines, IL18BP (IL-18 antagonist) and IL27, were expressed significantly higher in the infected cells.

Chemokines {#sec012}
----------

There were sixteen differentially expressed chemokines at least at one-time point ([Table 5](#pone.0223955.t005){ref-type="table"}). CCL4 and CXCL10 both chemoattractants for immune cells were the most up-regulated CCL and CXCL chemokines in the infected macrophages by up to 5.2- and 12.8-fold, respectively. Two CCL chemokines (CCL3 and CCL5) and two CXCL (CXCL9 and CXCL10) closely related to CCL4 and CXCL10, respectively, in sequences and functions were also expressed at higher levels in infected cells than non-infected cells. Five T helper cell-recruiting CCLs (CCL8, CCL14, CCL17, CCL20 and CCL22) were expressed at significantly higher levels at one or more time points. Among five genes, CCL8 and CCL20 expression were up-regulated only at early time points, whereas the other three were up-regulated at later time points. CCL2 and CXCL3 were the most down-regulated CCL and CXCL chemokines with up to 5.1-and 3.6-fold decreases, respectively. CXCL3 belongs to ELR+ chemokine subset that contains CXCL1, CXCL2, CXCL3, CXCL6 and CXCL8 in pigs and have aa neutrophil recruiting biological activity. Our data shows all ELR+ CXCLs were expressed with a signal intensity greater than 1000 except CXCL2 with a very low signal intensity of 77. The averaged expression of the ELR CXCLs shows down-regulation after 3 hpi. Interestingly, like ELR+ CXCLs, CXCL14, another neutrophil-recruiting chemokine, also displayed a down-regulated expression after infection.

10.1371/journal.pone.0223955.t005

###### Differential expression (fold = infected/non-infected) with a FDR less than 0.05 at one or more time points and the averaged expression level (Exp) of chemokine genes between infected and non-infected macrophages at 3, 6, 9, 12, 15 and 18 hours post infection and their chemotactic activities.
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  Gene     3hr    6hr    9hr    12hr   15hr   18hr   FDR    Exp     Chemotactic[\*](#t005fn001){ref-type="table-fn"}
  -------- ------ ------ ------ ------ ------ ------ ------ ------- --------------------------------------------------
  CCL2     -1.0   -1.1   1.0    -1.7   -3.2   -5.1   0.01   42666   Classical Mo,NK
  CCL3     1.5    1.5    -1.0   1.3    1.8    2.3    0.01   1686    NC-Mo,NK
  CCL4     2.3    2.9    1.7    3.1    4.1    5.2    0.01   2433    NC-Mo,NK
  CCL5     1.1    1.4    1.6    2.0    2.6    3.7    0.00   8536    NC-Mo,NK
  CCL8     1.7    1.8    1.1    -1.4   -1.8   -2.6   0.01   10071   Th2
  CCL14    1.0    1.1    1.0    1.3    1.5    1.8    0.01   199     ?
  CCL17    1.0    1.2    1.1    1.5    1.9    2.8    0.01   434     Th2
  CCL20    2.4    2.3    1.4    1.2    1.2    1.1    0.00   232     Th17
  CCL22    1.1    1.2    1.2    1.6    2.2    2.9    0.02   536     Th2
  CXCL1    2.1    1.2    -1.2   -1.8   -1.4   -1.9   0.09   1089    N,efCD8+,M,NK
  CXCL2    -1.1   -1.2   -1.2   -1.3   -1.2   -1.3   0.04   77      N,efCD8+,M,NK
  CXCL3    -1.4   -2.0   -1.4   -2.6   -2.5   -3.6   0.01   1030    N,efCD8+,M,NK
  CXCL6    1.8    1.0    -1.4   -1.4   -1.1   -1.9   0.12   1806    N,efCD8+,M,NK
  CXCL8    1.5    1.0    -1.1   -1.4   -1.0   -1.2   0.36   1801    N,efCD8+,M,NK
  CXCL9    1.3    1.5    1.3    1.5    1.5    1.2    0.09   131     CD8+,NK,Th1
  CXCL10   3.7    12.8   6.5    6.4    5.9    3.5    0.00   7991    CD8+,NK,Th1
  CXCL11   1.4    3.1    2.6    2.5    3.3    3.7    0.00   78      CD8+,NK,Th1
  CXCL14   -1.3   -1.4   -1.1   1.0    -1.5   -1.9   0.03   1207    B,DC,N,NK,M
  CXCL16   1.1    1.2    1.4    1.5    1.3    1.2    0.00   4354    CD8+,CD4+,NK
  XCL1     1.2    1.6    1.7    2.0    2.5    3.2    0.01   177     DC

\* The chemotactic activities are based on Griffith et al., 2014. CD8+ or CD4+: T cells; efCD8+: CD8+ effector T cell; DC: dendritic cell; N: neutrophil; NC: non-classical M: macrophage/monocyte; Mo: monocyte; NK: natural killer cells; and Th: T helper cell.

Cell receptors {#sec013}
--------------

The differential expression of cell receptors critical for macrophage activation is listed in [Table 6](#pone.0223955.t006){ref-type="table"}. The expression of three interferon receptors (IFNAR1, IFNAR2 and IFNGR1) were significantly down-regulated at 12, 15 and 6 hpi, respectively. Four receptors for interleukins (IL4R, IL10RA, IL10RB and IL17RA) were expressed at lower levels in infected macrophages, mostly after 9 hpi, than those in non-infected cells. IL7R is the only receptor whose expression was down-regulated at all time-points. Among differentially expressed TNF receptors, five receptors (TNFRSF1A, TNFRSF1B, TNFRSF11A, TNFRSF21 and LTBR) were down-regulated and only one up-regulated (TNFRSF25), but the down-regulated TNFRSF25 was expressed at a very low level compared to the others. These expression differences mostly occurred after 9 hours of infection. Other receptors such as three purinergic receptor (P2RX4, P2RX7 and P2RY1), two complement component 5a receptor (C3AR1 andC5AR1) and one glycolipid receptor (CD1A), which play important roles in macrophage activities, were also expressed at significantly lower levels after 9 hpi. C5AR1 expression was up-regulated at 3, 6 and 9 hpi and then decreased to become down-regulated at 15 and 18 hpi. Toll-like receptors (TLR2 and TLR4) including CD14 with average signals greater than 500 were expressed at lower levels in infected cells than those in non-infected cells after 9 hpi. The expression of two TLR receptors (TLR1 and TLR6) was also down-regulated in the infected cells. These results suggest that the sensing for TLR1, TLR2, TLR4 and TLR6 ligands in the infected cells was compromised after 9 hpi.

10.1371/journal.pone.0223955.t006

###### Differential expression (fold = infected/non-infected) with a FDR less than 0.05 at one or more time points and the averaged expression level (Exp) of cell receptor genes between infected and non-infected macrophages at 3, 6, 9, 12, 15 and 18 hours post infection.
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  Gene        3hr    6hr    9hr    12hr   15hr   18hr   FDR    Exp
  ----------- ------ ------ ------ ------ ------ ------ ------ -------
  IFNAR1      -1.0   -1.2   -1.2   -1.8   -2.6   -3.6   0.00   1173
  IFNAR2      1.0    1.0    1.1    -1.2   -1.6   -2.0   0.01   2210
  IFNGR1      -1.3   -1.5   -1.3   -2.7   -3.4   -3.6   0.00   1073
  IL10RA      -1.2   -1.1   -1.0   -2.3   -3.0   -2.9   0.00   544
  IL10RB      -1.0   -1.0   1.0    -1.1   -1.3   -1.6   0.01   1970
  IL17RA      -1.1   -1.3   1.0    -2.0   -2.0   -2.3   0.00   4191
  IL4R        -1.3   -1.4   -1.1   -1.8   -2.0   -2.1   0.01   5753
  IL7R        1.9    4.4    3.8    3.1    3.3    4.6    0.00   1853
  LTBR        -1.4   -1.3   -1.1   -1.9   -3.3   -5.2   0.00   5487
  TNFRSF1A    -1.3   -1.1   -1.2   -2.5   -2.9   -3.9   0.00   3846
  TNFRSF1B    -1.1   -1.3   1.0    -1.2   -1.5   -1.4   0.05   11675
  TNFRSF11A   1.2    1.0    -1.3   -1.8   -2.2   -2.3   0.00   251
  TNFRSF25    1.1    1.1    1.2    1.6    1.8    2.2    0.02   129
  TNFRSF21    1.0    -1.1   1.0    -1.3   -1.9   -3.6   0.01   8369
  P2RX4       1.1    -1.0   -1.1   -1.1   -1.4   -1.6   0.04   6386
  P2RX7       -1.1   -1.3   -1.3   -1.5   -2.4   -2.8   0.00   372
  P2RY1       -1.7   -2.1   -1.4   -2.5   -3.4   -3.6   0.00   695
  C3AR1       1.5    1.6    1.4    -1.1   -2.0   -3.5   0.02   751
  C5AR1       -1.2   -1.4   -1.2   -2.5   -4.8   -7.5   0.00   13893
  CD1A        1.1    1.0    -1.7   -1.5   -1.7   -1.7   0.00   749
  TLR1        -1.2   -1.4   -1.1   -1.9   -2.4   -2.8   0.00   200
  TLR2        -1.3   1.0    1.1    -2.2   -3.9   -5.7   0.00   10537
  TLR3        1.0    1.4    1.3    1.1    -1.1   -1.1   0.02   137
  TLR4        -1.2   -1.4   -1.2   -2.2   -2.9   -3.7   0.00   590
  TLR5        1.0    -1.0   1.0    -1.0   1.3    1.0    0.24   41
  TLR6        -1.1   -1.6   -1.5   -2.1   -2.1   -2.1   0.00   96
  TLR7        1.4    2.0    1.5    -1.0   -1.1   -1.4   0.01   176
  TLR8        1.1    1.1    1.0    -1.2   -1.3   -1.4   0.00   89
  TLR9        -1.0   -1.1   -1.0   -1.0   -1.2   -1.2   0.00   86
  TLR10       -1.0   -1.1   -1.0   -1.0   -1.0   -1.0   0.06   45
  CD14        1.1    -1.1   -1.4   -1.9   -2.5   -3.4   0.01   10050

Antigen processing and presentation genes {#sec014}
-----------------------------------------

The expression of several genes playing roles in antigen processing and presentation to MHC class II molecules were down-regulated in the infected cells ([Table 7](#pone.0223955.t007){ref-type="table"}). Cathepsins digest engulfed antigens before they can be loaded to MHC class II molecules. All highly expressed cathepsin genes were expressed at significantly lower levels by at least 2-fold in infected cells after 9 hpi when compared to non-infected cells. MHC class II DMA and DMB remove class II--associated invariant chain peptide (CLIP or CD74) from MHC class II molecules and MHC class II DOA and DOB inhibit the removal of CLIP by DMA and DMB. Interestingly, the expression of SLA-DMA and SLA-DMB were down-regulated in the infected cells mostly after 12 hpi, while the expression of SLA-DOA and SLA-DOB were up-regulated compared to non-infected cells. These results indicate that MHC class II antigen procession is compromised at 9 hpi.

10.1371/journal.pone.0223955.t007

###### Differential expression (fold = infected/non-infected) with a FDR less than 0.05 at one or more time points and the averaged expression level (Exp) of genes in MHC antigen processing and presentation between infected and non-infected macrophages at 3, 6, 9, 12, 15 and 18 hours post infection.
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  Gene          3hr    6hr    9hr    12hr   15hr   18hr   FDR    Exp
  ------------- ------ ------ ------ ------ ------ ------ ------ -------
  SLA-DMB       -1.0   1.0    -1.1   -1.7   -2.7   -4.3   0.00   10386
  SLA-DMA       -1.0   1.0    1.1    -1.0   -1.4   -2.1   0.02   4165
  SLA-DOA       1.2    1.4    1.1    1.2    1.5    1.9    0.00   936
  SLA-DOB       1.1    1.2    1.3    1.5    1.7    1.9    0.01   93
  CD74 / CLIP   1.0    1.2    1.2    1.4    1.4    1.2    0.00   3546
  CTSA          -1.1   -1.1   1.0    -1.1   -1.3   -1.9   0.11   34618
  CTSB          -1.1   -1.2   -1.0   -1.2   -2.0   -3.8   0.04   46406
  CTSC          -1.2   -1.3   -1.2   -1.4   -1.4   -1.5   0.02   1757
  CTSH          -1.1   -1.1   1.1    -1.0   -1.7   -2.6   0.04   44195
  CTSL          -1.1   -1.1   -1.1   -1.4   -2.1   -4.8   0.02   22078
  CTSS          1.1    1.0    -1.2   -1.3   -2.4   -5.8   0.03   36684
  CTSV          1.1    -1.0   -1.1   -1.2   -1.7   -2.9   0.02   6988
  CALR          1.1    1.0    -1.1   -1.3   -1.5   -2.3   0.02   24056
  PSMA1         1.0    1.1    1.0    -1.1   -1.4   -1.6   0.05   2436
  PSMB1         -1.2   -1.2   -1.0   -1.2   -1.6   -1.9   0.02   18615
  PSMB10        1.1    1.2    -1.1   -1.3   -1.4   -2.0   0.02   14974
  PSMC1         -1.1   1.0    -1.0   -1.1   -1.3   -1.7   0.01   3144
  PSMC3         -1.1   -1.1   -1.1   -1.2   -1.3   -1.7   0.02   14239
  PSMC6         -1.2   -1.2   -1.1   -1.1   -1.2   -1.7   0.03   1433
  PSMD1         -1.0   -1.3   -1.5   -1.5   -1.9   -2.3   0.00   4907
  PSMD11        1.0    -1.1   -1.1   -1.1   -1.4   -1.5   0.02   915
  PSMD12        -1.0   -1.1   -1.3   -1.4   -1.5   -1.6   0.01   449
  PSMD2         1.1    1.0    -1.3   -1.3   -1.6   -2.0   0.01   10928
  PSMD5         -1.1   -1.2   -1.1   -1.1   -1.3   -1.6   0.01   411
  PSMD7         -1.2   -1.1   -1.1   -1.8   -1.9   -2.0   0.01   1101
  SEL1L         -1.2   -1.3   -1.2   -1.3   -2.1   -2.7   0.00   621

Autophagy and cell death regulating genes {#sec015}
-----------------------------------------

There are five autophagy-related protein genes (ATG2A, ATG9A, ATG101, ATG4B and ATG7) that were significantly down-regulated in the infected cells compared to the non-infected ones ([Table 8](#pone.0223955.t008){ref-type="table"}). NUPR1 (nuclear protein 1, a transcriptional regulator) inhibits autophagy-associated cell death and its expression was significantly up-regulated at all time-points by at least nearly 2-fold. BNIP3 (BCL2 interacting protein 3) is a pro-apoptosis and autophagy inducer gene, which was highly expressed in the cells tested and significantly expressed at a lower level in the infected cells after 9 hpi. These results indicated that apoptosis and autophagy were compromised in the infected cells. Another proapoptotic gene, GADD45A (growth arrest and DNA-damage-inducible 45 alpha), was also expressed at a significantly lower level in the infected cells at five time points.

10.1371/journal.pone.0223955.t008

###### Differential expression (fold = infected/non-infected) with a FDR less than 0.05 at one or more time points and the averaged expression level (Exp) of autophagy and apoptosis regulating genes between infected and non-infected macrophages at 3, 6, 9, 12, 15 and 18 hours post infection.
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  Gene      3hr    6hr    9hr    12hr   15hr   18hr   FDR    Exp
  --------- ------ ------ ------ ------ ------ ------ ------ -------
  ATG2A     -1.0   -1.2   -1.2   -1.2   -1.5   -2.0   0.01   3586
  ATG9A     -1.2   -1.4   -1.2   -1.4   -1.8   -2.2   0.00   1428
  ATG101    -1.3   -1.2   1.0    -1.5   -1.7   -1.7   0.01   1535
  ATG4B     -1.2   -1.3   -1.2   -1.5   -1.5   -1.7   0.01   1044
  ATG7      1.1    -1.1   -1.1   -1.1   -1.3   -1.6   0.01   288
  NUPR1     2.0    4.3    8.3    10.8   7.3    4.3    0.00   6096
  BNIP3     -1.1   -1.2   -1.4   -1.7   -1.7   -2.2   0.01   13384
  GADD45A   -1.6   -1.6   -1.1   -3.5   -5.5   -6.8   0.00   804

Signal transduction and transcription genes {#sec016}
-------------------------------------------

Down-regulated expression of immune transcriptional factors that are important for M1 macrophage activation is listed in [Table 9](#pone.0223955.t009){ref-type="table"}. CCAAT-enhancer-binding proteins (or CEBPs) is a family of transcription factors composed of six members. All six CEBP genes were expressed at significantly lower levels at two or more time points than those in non-infected macrophages. A Cbp/p300-interacting trans-activator gene, CITED4, was also expressed at a significantly lower level in the infected cells. The expression of two genes (TAB1 and TBK1) in the NFκB signaling pathway, four genes (MAP3K3, MAP3K5, MAP4K3 and MAPK7) in the MAPK-ERK pathway and four key immune transcription factors (FOS, JUN, JUND, IRF1 and IRF5) was also significantly down-regulated in the infected cells compared to non-infected cells. Two signal transducers of TNF receptors (FADD and TRADD) were also expressed at lower levels after 9 hpi. The expression of three cytokine signaling inhibitors, SIGLEC1, SOCS1, USP18, was significantly increased after ASFV infection.

10.1371/journal.pone.0223955.t009

###### Differential expression (fold = infected/non-infected) with a FDR less than 0.05 at one or more time points and the averaged expression level (Exp) of immune-related transcription factor, signal transducer and signaling inhibitor genes between infected and non-infected macrophages at 3, 6, 9, 12, 15 and 18 hours post infection.
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  Gene      3hr    6hr    9hr    12hr   15hr   18hr   FDR    Exp
  --------- ------ ------ ------ ------ ------ ------ ------ -------
  CEBPA     -1.2   -1.1   -1.1   -2.4   -3.3   -4.0   0.00   12165
  CEBPB     -1.4   -1.2   -1.2   -2.7   -2.9   -3.4   0.01   3548
  CEBPD     -1.5   -2.2   -1.3   -4.1   -6.5   -9.9   0.00   5493
  CEBPE     -1.3   -1.2   -1.2   -1.9   -2.0   -1.8   0.01   302
  CEBPG     -1.2   -1.3   -1.2   -1.5   -1.5   -1.5   0.00   258
  CEBPZ     -1.2   -1.0   -1.0   -1.4   -1.7   -1.7   0.01   1504
  CITED4    -1.3   -1.5   1.1    -1.8   -2.1   -2.4   0.01   4977
  FOS       -1.2   -1.1   -1.1   -2.8   -2.2   -2.9   0.04   235
  JUN       -1.5   -1.7   1.0    -1.9   -2.4   -2.7   0.00   734
  JUND      -1.2   -1.2   -1.2   -1.7   -1.8   -1.8   0.01   2219
  IRF1      1.0    1.0    -1.3   -1.8   -1.6   -1.5   0.01   1177
  IRF5      1.0    1.2    1.3    -1.1   -1.4   -1.8   0.02   3662
  FADD      -1.2   1.1    1.0    -1.5   -1.6   -1.6   0.01   175
  MAP3K3    -1.2   -1.4   -1.0   -1.4   -1.7   -1.8   0.01   522
  MAP3K5    1.0    -1.4   -1.4   -1.4   -1.4   -1.4   0.02   318
  MAP4K3    -1.2   -1.2   -1.1   -1.4   -1.6   -1.8   0.00   251
  MAPK7     -1.2   -1.2   -1.1   -1.2   -1.3   -1.5   0.01   1607
  TAB1      -1.2   -1.4   -1.3   -1.5   -1.7   -2.1   0.00   1577
  TBK1      -1.2   -1.2   -1.1   -1.7   -2.0   -2.0   0.00   897
  TRADD     -1.1   -1.3   -1.3   -1.6   -2.0   -2.4   0.00   3866
  SIGLEC1   1.8    5.4    6.5    6.6    6.6    4.7    0.01   1472
  SOCS1     1.7    3.2    2.0    1.3    1.5    1.4    0.02   1149
  USP18     1.9    5.2    5.2    5.5    4.3    3.5    0.00   5418

Discussion {#sec017}
==========

Depending on the virulence of the strains, ASFV infections cause various clinical manifestations ranging from mild clinical signs to acute hemorrhagic fever and death. Blood cell counts showed lymphopenia, monocytopenia and neutrophilia during acute and subacute infection \[[@pone.0223955.ref023]\]. Although the molecular mechanisms of viral hemorrhagic fevers are not clear, it is believed that a "cytokine storm" due to excessive proinflammatory cytokine responses plays an important role in the pathogenesis \[[@pone.0223955.ref011]--[@pone.0223955.ref013]\]. Lymphopenia, a common feature of viral hemorrhagic fever with loss of CD4+, CD8+ T cells and NK cells, is considered to be due to apoptosis mediated by pro-inflammatory cytokines and NO produced by monocytes/macrophages \[[@pone.0223955.ref024]\]. It was widely considered that ASF pathogenesis is mainly due to cytokines produced by infected monocytes and macrophages but the molecular basis of ASF pathogenesis is not well understood \[[@pone.0223955.ref010]--[@pone.0223955.ref013], [@pone.0223955.ref023]\] The expression of all immune cytokines has not been systemically analyzed.

In this study, we used a highly virulent isolate, ASFV Georgia strain, to infect *ex vivo* cultured macrophages and measured gene expression changes during the first 18 hours of infection in 3-hour intervals. Pathway analysis of gene expression changes indicate that ASFV infection triggered the innate immune response, immediately inducing interferon (particularly IFNβ) expression at 3 hpi and other time points ([Table 3](#pone.0223955.t003){ref-type="table"}). The number of up-regulated genes increased in a linear fashion except for a drop-off at 9 hpi. On the other hand, there was a small number of down-regulated genes before 12 hpi. This number significantly increased at 12 hpi and the increase continued at 15 and 18 hpi, which coincided with significant increases in ASFV gene expression ([S2 Table](#pone.0223955.s002){ref-type="supplementary-material"}), indicating that the decreases in host gene expression might be due to the increase of ASFV gene expression.

Our results indicate the cytokines of the TNF family could play a major role in ASF pathogenesis based on significantly up-regulated expression of seven TNF pro-inflammatory cytokines (FASLG, LTA, LTB, TNFSF4, TNFSF10, TNFSF13B and TNFSF18) at one or more time points. Up-regulated FASLG was also detected in ASFV-infected pigs \[[@pone.0223955.ref020]\]. The expression of TNF was also up-regulated starting at 12 hours and continued to increase though the up-regulation was not statistically significant. These cytokines not only induce cell death/apoptosis but also cause tissue inflammation \[[@pone.0223955.ref025]\]. Unexpectedly, TNF expression was up-regulated but not at significant levels though the differential expression could reach the significant level at later time points. Instead, TNFSF10 or TRAIL was the most up-regulated TNF cytokine at 3 to 15 hpi. It was expressed more than TNF in this study based on the signal intensities. It was reported that FASLG and TNFSF10 can trigger apoptosis in both CD4+ and CD8+ T cells \[[@pone.0223955.ref026]\], which could explain the lymphopenia during ASF infection.

Neutrophilia has been reported in ASFV-infected pigs during acute and subacute infection \[[@pone.0223955.ref023]\]. Interestingly, the expression of CSF3/G-CSF, a neutrophil growth promoting cytokine \[[@pone.0223955.ref027]\], was also significantly up-regulated at 3 and 6 hpi. The up-regulation decreased at 9 and 12 hpi and then increased again at 15 and 18 hpi. Additionally, the expression of neutrophil recruiting chemokines or ELR+ CXCLs (CXCL1, 2, 3, 6 and 8) \[[@pone.0223955.ref028]\] were mostly downregulated after 6 hpi. These results can explain at least in part why ASFV-infected pigs develop neutrophilia.

IL17A and IL17F are two pro-inflammatory cytokines of the IL-17 family and play an important role in autoimmune and inflammatory diseases \[[@pone.0223955.ref029]\]. IL-17A is produced mainly in Th17 cells, whereas IL-17F was also produced in other cells \[[@pone.0223955.ref030]\]. In this study, IL17A was shown to be barely expressed. IL17F expression was higher than IL17A in this study (signal intensity of IL17A and IL17F: 51 and 218, respectively) and significantly up-regulated in infected macrophages after 9 hours of infection. This up-regulation could also significantly contribute to ASFV pathogenesis. Additionally, the expression of all three types of interferons was significantly induced at all time points tested. Interferons are the most potent antiviral cytokines; however, these cytokines also have other pathogenic effects such as anti-proliferation and apoptosis when they reach high concentrations \[[@pone.0223955.ref031]--[@pone.0223955.ref033]\]. Acute adverse effects lead to 'flu-like' syndromes and clinical toxicity such as myelosuppression, hemolytic anemias and thrombocytopenia could occur \[[@pone.0223955.ref034]\]. Therefore, based on the scale and duration of up-regulation of the interferons, we hypothesize that interferon toxicity could also play a role in ASF pathogenesis.

Unexpectedly, both IL-10 and IL10RA were expressed at significantly lower levels in the infected cells than in non-infected cells. IL-10 is a cytokine with strong anti-inflammatory activities in limiting the immune response to prevent damage to the host. The activation of mitogen-activated protein kinases (MAPKs) and nuclear factor-κB (NFκB) lead to the expression of IL-10 \[[@pone.0223955.ref035]\]. ASFV expresses several proteins that inhibit the signaling of these pathways \[[@pone.0223955.ref017]\]. We found that the expression of several genes, e.g. several highly expressed TLRs, all CEBPs, FOS, JUN, TAB1 and TBK1, in these signaling pathways was significantly down-regulated. The down-regulation of the expression coincided with the significant increase of the viral genes in our study. Because macrophage is a major source of IL-10 production during the inflammatory response \[[@pone.0223955.ref035]\], the down-regulation of IL-10 expression in macrophages could have a significant enhancing effect of those proinflammatory cytokines on the pathogenesis of ASF.

IL-1α, IL-1β and IL-6 expression was detected in lymphoid organs of infected animals \[[@pone.0223955.ref007]\]. Our results show up-regulation by less than 2-fold of IL-1β expression at 3 and 6 hpi but not at significant levels, whereas there were no changes to IL-6 expression in the infected cells ([S1 Table](#pone.0223955.s001){ref-type="supplementary-material"}), indicating that these cytokines probably do not play a major and/or primary role in ASF pathogenesis. Instead, the expression of IL1RN, the antagonist of IL-1 \[[@pone.0223955.ref036]\], was significantly up-regulated in infected macrophages at all 6 time points, supporting our conclusion. ASFV expresses a protein that can bind to IL-1β, but the deletion of this gene did not attenuate ASFV \[[@pone.0223955.ref037]\], which indicates ASFV possesses redundant mechanisms to interfere with IL-1 production and supports our hypothesis. Additionally, IL18BP, an antagonist of IL-18 (an important member of the IL-1 super family of cytokines) \[[@pone.0223955.ref036]\], was also up-regulated after infection, supporting the observation that ASFV infection suppresses IL-1 and IL-18 signaling.

IL-13 and IL-27 were two up-regulated cytokines in infected cells, which have regulatory effects on immune cells. IL-13 promotes macrophage differentiation into myeloid-derived suppressor cells that have immunosuppressive functions on various immune cells such as T, B, NK and dendritic cells \[[@pone.0223955.ref038]\]. IL-27 together with activation of AHR can induce the differentiation of type 1 regulatory T cells to suppress antigen-specific immune responses \[[@pone.0223955.ref039]\]. Interestingly, the expression of an interferon-inducible gene, IDO1 that converts tryptophan into AHR ligands \[[@pone.0223955.ref040]\], significantly increased after ASFV infection ([S1 Table](#pone.0223955.s001){ref-type="supplementary-material"}). Therefore, up-regulated expression of these cytokines in infected cells could help ASFV to evade the immune response.

Based on the differential expression of chemokines shown in [Table 2](#pone.0223955.t002){ref-type="table"} and their biological activities \[[@pone.0223955.ref028]\], it could be concluded that ASFV infection significantly induced expression of monocyte, T and NK cell-recruiting chemokines including CCL3, CCL4, CCL5, CXCL10 and CXCL16 but suppressed expression of neutrophil and CD8+ effector T cell chemotactic chemokines such as CXCL1, CXCL2, CXCL3, and CXCL14 after 3 hours infection. These results could also explain in part why infected pigs display neutrophilia and lymphopenia \[[@pone.0223955.ref041]\] and increased numbers of macrophages in infected tissues \[[@pone.0223955.ref023]\]. Interestingly, the expression of CCL2, a chemokine recruiting inflammatory/classical monocyte \[[@pone.0223955.ref028], [@pone.0223955.ref042]\], decreased after 9 hpi, whereas the expression of three chemokines recruiting non-classical monocytes, CCL3, CCL4 and CCL5 \[[@pone.0223955.ref042]\], increased mostly after ASFV infection. Neutrophils play a critical antiviral role via apoptosis-dependent phagocytosis and neutrophil extracellular traps, a networks of extracellular fibers released from neutrophils to immobilize and destroy pathogens \[[@pone.0223955.ref043]\]. Therefore.T, avoiding recruitment of these immune cells enhances ASFV replication and spread, whereas recruitment of other cells enhance virus spreading and TNF-induced apoptosis of T and NK cells as discussed earlier.

In a prior report, CXCL10 was the most up-regulated chemokine in infected cells, which was also found significantly up-regulated in ASFV-infected pigs \[[@pone.0223955.ref020]\]. Two other chemokines of this group were highly expressed after infection. Unlike other chemokines, these three chemokines can be inducedinduced by interferon. \[[@pone.0223955.ref044]\] and their up-regulation coincided with the increase of IFNB and IFNG expression in our study; therefore, the increased expression probably was due to the induction of interferons. CXCL10 recruits CXCR3-expressing CD8+ T and NK cells for the destruction of virus-infected cells \[[@pone.0223955.ref045]\] and Th1 for antigen priming \[[@pone.0223955.ref028]\]. In our study, ASFV infection induced interferon expression and suppressed the expression of type I and II interferon receptors after 9 hours of infection.

Immune receptors expressed on immune cells play critical roles in activation of the immune response. These receptors bind cytokines, ATP and complements released during the inflammatory response. Three interferon and five TNF receptors that bind to up-regulated cytokines were expressed at significantly lower levels in infected cells. Two critical signal transducers (TRADD and FADD) of TNF signaling pathways \[[@pone.0223955.ref046]\] were down-regulated in the infected cells. These results strongly suggest that ASFV-infected cells had altered gene expression to avoid activation by interferon and TNF cytokines. When cells are under stress, such as viral infection, the cells release ATP to activate the immune response via purinergic receptors, such as P2RXs \[[@pone.0223955.ref047]\]. The expression of three P2RX receptors was down-regulated in the infected cells. The Complement factors, C5a and C3a can activate macrophages via binding to the receptors C5AR1 and C3AR1 \[[@pone.0223955.ref048]\]. These two receptors were down-regulated in the infected cells. Toll-like receptors expressed on sentinel cells such as macrophages and dendritic cells recognize structurally conserved molecules derived from microbes to activate the immune response \[[@pone.0223955.ref049]\]. All highly expressed TLRs were also down-regulated in this study. These down-regulated receptors transmit signals to stimulate macrophage M1 activation that lead to production of nitric oxide and reactive oxygen species, important molecules in host defense against invading pathogens \[[@pone.0223955.ref050]\]. These results indicate that the abilities of infected macrophage to respond to M1 activation were compromised, which agrees with the observation that IFN-γ and LPS signaling were suppressed in ASFV-infected macrophages \[[@pone.0223955.ref004]\].

ASFV EP153R can suppress the expression of MHC class I molecules on the infected cell surface \[[@pone.0223955.ref051]\]. Our results indicate that the procession of MHC classes I and II antigens could be compromised based on the down-regulation of several proteases of proteasomes, endosomes and lysosomes. SLA-DMA and SLA-DMB play a critical role in epitope loading of MHC Class II molecules by removal of the invariant chain in the groove of the MHC molecules and SLA-DOA and SLA-DOB inhibit the process \[[@pone.0223955.ref052]\]. Our results show that DMA and DMB were down-regulated and DOA and DOB were up-regulated after 9 hours of infection, suggesting that MHC class II antigen presentation could be retarded in the infected macrophages. Additionally, TNFSF11 and TNFSF15 was expressed at lower levels after infection. TNFSF11/RANKL has been reported to play a role in enhancing DCs to stimulate naïve T cell proliferation \[[@pone.0223955.ref053]\], whereas TNFSF15/TL1A is expressed on antigen presenting cells and provides co-stimulatory signals to activate receptor-bearing lymphocytes \[[@pone.0223955.ref054]\]. Therefore, ASFV infection could not only inhibit MHC antigen presentation but also retard T cells activation by antigen presenting cells such as macrophages.

ASFV express several genes to inhibit apoptosis \[[@pone.0223955.ref016]\]. Our results also indicate that changes in gene expression after ASFV infection could lead to the suppression of apoptosis, especially autophagy-associated apoptosis. Apoptosis-processes were over-represented by up-regulated genes and there was significant over-representation of down-regulated genes in autophagy. NUPR1 suppresses es metabolic stress-induced autophagy-associated cell death \[[@pone.0223955.ref055]\]. IL-7R signaling suppresses macrophage autophagy \[[@pone.0223955.ref056]\]. These two genes wereere expressed at significantly higher levels in the infected cells than in non-infected cells in all time points tested. On the other hand, BNIP3 is a pro-apoptosis and autophagy inducer gene \[[@pone.0223955.ref057]\] and GADD45A is a proapoptotic gene \[[@pone.0223955.ref058]\]. Both genes were expressed at significantly lower levels after infection. Autophagy and apoptosis are well-known to play a critical role in the innate and adaptive immune response against viral infection \[[@pone.0223955.ref059], [@pone.0223955.ref060]\] including delivering endogenous antigens for MHC Class II epitope processing \[[@pone.0223955.ref061]\].

The molecular mechanisms involved for gene expression changes of gene expression have not yet been investigated, however, it is well-known that ASFV encodes genes such as A238L that can interfere with the host immune response \[[@pone.0223955.ref015], [@pone.0223955.ref062]\]. Several significantly down-regulated signal transducers and transcription factor genes listed in [Table 9](#pone.0223955.t009){ref-type="table"} have been shown to play an important role in M1 macrophage polarization \[[@pone.0223955.ref063], [@pone.0223955.ref064]\], these results could indicate that ASFV immune evasion could be mediated by interfering with the NFκB, JNK and IRF signaling pathways. EGRs, FOS and JUN are immediate early response genes which expression can be rapidly induced without requiring *de novo* protein synthesis during viral infection \[[@pone.0223955.ref040], [@pone.0223955.ref065]\]. Interestingly, JUN was down-regulated starting at 6 hpi and FOS was down-regulated at 12hpi, in both instances down-regulation continued into18 hpi. SIGLEC1, SOCS1 and USP18 are three cytokine signaling inhibitors \[[@pone.0223955.ref066]--[@pone.0223955.ref068]\], which expression was significantly increased after ASFV infection. These results further support the inhibition of M1 activation in ASFV infected macrophages.

In summary, ASFV infection significantly altered host gene profiles. Our results suggest that excessive production of proinflammatory TNF cytokines including FASLG, LTA, LTB, TNF, TNFSF4, TNFSF10, TNFSF13B, and TNFSF18 could be the major primary causative factors in ASF pathogenesis. Other up-regulated proinflammatory cytokines such as IL17F and interferons as well as down-regulated anti-inflammatory cytokines (IL10) could also significantly contribute to the pathogenesis. Our results also indicate that ASFV could evade the immune response by (i) suppressing MHC antigen processing and presentation based on down-regulated expression of cathepsins, proteasome proteases, SLA-DMA, SLA-DMB, TNFSF11 and TNFSF15 and up-regulated SLA-DOA, SLA-DOB and CD74; (ii) avoiding CD8+ cytotoxicity and neutrophil extracellular traps by decreasing expression of neutrophil/CD8+ T effector cell-recruiting chemokines; (iii) reducing M1 activation by down-regulating expression of M1-activating receptors, signal transductors and transcription factors and up-regulating expression of cytokine antagonists: IL1RN and IL18BP and cytokine IL13; (iv) inducing the expression of immune suppressive cytokines, IL-13 and IL-27, and (v) inhibiting autophagy and apoptosis via down-regulated several ATGs, BNIP3 and up-regulated NUPR1 and IL7R expression. These hypothesized mechanisms are listed in [Table 10](#pone.0223955.t010){ref-type="table"} with the references. These hypotheses and the results of this study provide insightful information for further investigation to understand this devastating swine disease.

10.1371/journal.pone.0223955.t010

###### Hypothesized mechanisms of African swine fever virus pathogenesis and immune evasion inferred from differentially expressed genes (DEG) down- or up-regulated in infected macrophages with listed references used for biological inferences and tables contain the DEG.

![](pone.0223955.t010){#pone.0223955.t010g}

  Mechanisms                                                                DEG                     Expression                                                                                               Table                                       Biological activity                                                      Reference
  ------------------------------------------------------------------------- ----------------------- -------------------------------------------------------------------------------------------------------- ------------------------------------------- ------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------
  Hemorrhagic fever by cytokine storm                                       TNFs, IFNs, IL17        up                                                                                                       [4](#pone.0223955.t004){ref-type="table"}   Pro-inflammation                                                         [@pone.0223955.ref011]--[@pone.0223955.ref013], [@pone.0223955.ref029], [@pone.0223955.ref034]
  IL10                                                                      down                    [4](#pone.0223955.t004){ref-type="table"}                                                                anti-inflammation                           [@pone.0223955.ref035]                                                   
  Neutrophilia / inhibition of NETs[^1^](#t010fn001){ref-type="table-fn"}   CSF3                    up                                                                                                       [5](#pone.0223955.t005){ref-type="table"}   neutrophil production                                                    [@pone.0223955.ref027]
  ELR+ CXCLs                                                                down                    [5](#pone.0223955.t005){ref-type="table"}                                                                neutrophil recruitment                      [@pone.0223955.ref028], [@pone.0223955.ref043]                           
  Lymphopenia / T cell suppression                                          TNFSF10                 up                                                                                                       [4](#pone.0223955.t004){ref-type="table"}   lymphocyte toxicity                                                      [@pone.0223955.ref026]
  CXCL10, CXCL16                                                            up                      [5](#pone.0223955.t005){ref-type="table"}                                                                T cell recruitment                          [@pone.0223955.ref028], [@pone.0223955.ref045]                           
  IL27, IDO1                                                                up                      [4](#pone.0223955.t004){ref-type="table"}, [S1](#pone.0223955.s001){ref-type="supplementary-material"}   Treg cell differentiation                   [@pone.0223955.ref039], [@pone.0223955.ref040]                           
  Suppression of macrophage M1 activation                                   P2Rs, TLRs              down                                                                                                     [6](#pone.0223955.t006){ref-type="table"}   macrophage M1 activation                                                 [@pone.0223955.ref047], [@pone.0223955.ref049]
  C3AR1, C5AR1                                                              down                    [6](#pone.0223955.t006){ref-type="table"}                                                                macrophage M1 activation                    [@pone.0223955.ref048]                                                   
  IL13                                                                      up                      [4](#pone.0223955.t004){ref-type="table"}                                                                macrophage M2 activation                    [@pone.0223955.ref038]                                                   
  IFN & TNF receptors                                                       down                    [6](#pone.0223955.t006){ref-type="table"}                                                                macrophage M1 activation                    [@pone.0223955.ref046], [@pone.0223955.ref050]                           
  Cytokine signaling inhibition                                             SIGLEC1, USP18, SOCS1   up                                                                                                       [9](#pone.0223955.t009){ref-type="table"}   cytokine signaling suppression                                           [@pone.0223955.ref066]--[@pone.0223955.ref068]
  TRADD, FADD                                                               down                    [9](#pone.0223955.t009){ref-type="table"}                                                                TNF signal transduction                     [@pone.0223955.ref046]                                                   
  IL1RN, IL18BP                                                             up                      [4](#pone.0223955.t004){ref-type="table"}                                                                IL1 & IL18 signaling inhibition             [@pone.0223955.ref036]                                                   
  12 TFs, 8 STs[^2^](#t010fn002){ref-type="table-fn"}                       down                    [9](#pone.0223955.t009){ref-type="table"}                                                                cytokine signal transduction                [@pone.0223955.ref046], [@pone.0223955.ref063], [@pone.0223955.ref064]   
  Inhibition of MHC epitope processing, loading and presentation            SLA-DMA, SLA-DMB        down                                                                                                     [7](#pone.0223955.t007){ref-type="table"}   MHC Class II epitope loading                                             [@pone.0223955.ref052]
  SLA-DOA, SLA-DOB                                                          up                      [7](#pone.0223955.t007){ref-type="table"}                                                                inhibition of SLA-DM                        [@pone.0223955.ref052]                                                   
  CTSs & PSMs                                                               down                    [7](#pone.0223955.t007){ref-type="table"}                                                                MHC epitope procession                      [@pone.0223955.ref052]                                                   
  5 ATGs                                                                    down                    [8](#pone.0223955.t008){ref-type="table"}                                                                endogenous antigen routing                  [@pone.0223955.ref061]                                                   
  IL7R, NUPR1                                                               up                      [6](#pone.0223955.t006){ref-type="table"}, [8](#pone.0223955.t008){ref-type="table"}                     autophagy inhibition                        [@pone.0223955.ref055], [@pone.0223955.ref056]                           
  GADD45, BNIP3                                                             down                    [8](#pone.0223955.t008){ref-type="table"}                                                                autophagy and apoptosis                     [@pone.0223955.ref057], [@pone.0223955.ref058]                           
  TNFSF11, TNFSF15                                                          down                    [4](#pone.0223955.t004){ref-type="table"}                                                                MHC antigen presentation                    [@pone.0223955.ref053], [@pone.0223955.ref054]                           
  Inhibition of classical monocyte recruitment                              CCL2                    Down                                                                                                     [5](#pone.0223955.t005){ref-type="table"}   classical monocytes                                                      [@pone.0223955.ref028], [@pone.0223955.ref042]
  CCL3, CCL4, CCL5                                                          up                      [5](#pone.0223955.t005){ref-type="table"}                                                                non-classical monocytes                     [@pone.0223955.ref042]                                                   

^1^ NETs: neutrophil extracellular traps

^2^ TFs: immune-related transcription factor and STs: signal transducers
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###### Differential expression (fold = infected/non-infected) with a false discovery rate (FDR) less than 0.05 at one or more time points and the averaged expression level (Exp) of interferon-stimulated genes and IL6 between infected and non-infected macrophages at 3, 6, 9, 12, 15 and 18 hours post infection.
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###### The averaged microarray signal intensities of 186 ASFV open reading frame RNA at 3, 6, 9, 12, 15 and 18 hours post infection.
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